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ABSTRACT: The ability to engineer the surface chemistry of complex ternary nanocrystals is critical to their successful appli-
cation in photovoltaic, thermoelectric, and other energy conversion devices. For many years, several studies have shed light 
into the surface chemistry of unary and binary semiconductor nanocrystals, as well as their surface modification with mono-
dentate and multidentate ligands in a variety of applications. In contrast, our understanding of the surface chemistry and 
ligand modification of ternary and other complex multinary nanocrystals remains relatively limited. Recently, our group re-
ported the synthesis of colloidal NaBiS2 semiconductor nanocrystals with sizes tunable between 2–60 nm, and a light absorp-
tion edge of ca. 1.4 eV. Here, we use a combination of infrared and nuclear magnetic resonance spectroscopies to show that 
the as-made NaBiS2 nanocrystals are capped by oleylamine and neodecanoate ligands. We investigate biphasic liquid-liquid 
exchange as a means to replace these native ligands with either carboxylate-terminated lipoic acid or with small iodide lig-
ands, leading in both cases to solubility in polar solvents—such as methanol, water, and dimethylformamide. We also inves-
tigate a layer-by-layer, biphasic solid-liquid exchange approach to prepare films of NaBiS2 nanocrystals capped with halide 
ligands—iodide, bromide, chloride. Upon exchange and removal of the native ligands, we show that the resistance of NaBiS2 
nanocrystal films greatly decreases, with their measured conductivity being comparable to that of films made of isostructural 
PbS nanocrystals, which have been used in solar cells. Lastly, we report the first solar cell device made of NaBiS2 nanocrystal 
films with a limited power conversion efficiency (PCE) of 0.07. Further nanostructuring and ligand optimization may enable 
the preparation of much more efficient energy conversion devices based on NaBiS2 as well as other non-toxic and Earth-
abundant, biocompatible multinary semiconductors.

Introduction 

Ternary APnE2 compounds (A = Li+, Na+, K+, Rb+, Cs+, Cu+, 
Ag+, Tl+; Pn = As3+, Sb3+, Bi3+; E = S2-, Se2-, Te2-) are a family of 
72 semiconducting materials with band gaps ranging from 
0.1–1.5 eV. These compounds have recently attracted con-
siderable attention due to their potential applications in so-
lar cells,1,2,3 thermoelectrics,4,5 photodetectors,6,7  and bat-
teries.8 As an example, given their relatively biocompatible 
composition, 1.4 eV band gap, and high extinction coeffi-
cients of 104–105 cm-1 M-1, NaBiS2 nanocrystals could be ex-
cellent building blocks for energy conversion devices.9 

Normally, the use of nanocrystals in optoelectronic de-
vices requires the ability to exchange insulating long-chain 
organic ligands for much smaller inorganic ligands, so that 
charge carriers can be more efficiently transported across 
nanocrystal films.10 In general, in terms of what native lig-
ands are originally present on their surface, as well as how 
ligand exchange affects their properties, the surface chem-
istry of unary semiconductor nanocrystals is somewhat 
well established. For example, Si nanocrystals undergo sili-
cide oxidation, halide reduction, and hydrazination, which 
can result in improved photoluminescence quantum 
yields.11 Solid state (ss) NMR shows that the precise specia-
tion and relative population of mono-, bi-, and tri-hydride 
species on the surface of Si nanocrystals.12 In turn, the pho-

tovoltage of Ge nanocrystals is known to be affected by ex-
changing the native oleylamine (oleylNH2) ligands with do-
decanethiol (DDT).13 The native ligands on Ge nanocrystals 
synthesized in a gas-phase plasma reactor can be exchanged 
with a variety of short inorganic ligands to produce an elec-
troactive layer.14 

Even more so than unary nanocrystals, the surface chem-
istry and ligand exchange behavior of binary semiconductor 
nanocrystals (II-VI, III-V, etc.) are well established. One of 
the first modern studies in this area was the exchange of 
pyridine onto CdSe nanocrystals that were originally 
capped with tri-n-octylphosphine (TOP), which was charac-
terized by NMR.15 Several binary systems with various mor-
phologies undergo ligand exchange with small metal chal-
cogenide complexes in different solvents.16 For example, 
PbS quantum dots retain colloidal stability—i.e., remain sol-
uble and stable—in a polar solvent, while also retaining 
photoluminescence stability; these quantum dots can be 
subsequently used in the preparation of highly conductive 
films.17 In addition, various monodentate and bidentate 
head groups affect the conduction and valence band energy 
levels of PbS quantum dots.18,19,20 In the case of Zn3P2 nano-
crystals, the native methyl ligands can be exchanged for 
longer chain ligands in order to enhance homogenous dis-
persion in solution.21 In the case of Bi2S3, the native ligands 
can be removed and exchanged for various ligands.22,23,24,25 



 

Films of Bi2S3 nanocrystals capped with ethanedithiol26 
(EDT) or hydrazine27 show conductive behavior  with values 
in the range of ~10-6–10-5 S cm-1. 

In contrast to all that is known about unary and binary 
nanocrystals, we know relatively little about the surface 
chemistry and ligand exchange behavior of multinary colloi-
dal nanocrystals. CuInE2 or “CIS” nanocrystals (E = S or Se) 
can be capped with various organic and inorganic ligands in 
order to improve photoluminescence quantum yields and 
enhance their performance in solar cells.28,29,30,31 Similarly, 
Cu2ZnSnE4 or “CZTS” and Cu-III-Se2 or “CIGS” nanocrystals 
(E = S, Se, and III = Ga or In) undergo solution phase ex-
change with various capping ligands, enabling the fabrica-
tion of thin films for solar cells.32,33,34 Various thiolate and 
amine complexes are known to coordinate to the surface of 
AgSbS2 nanocrystals.35 In turn, CsPbX3 (X = Cl, Br, I) nano-
crystals display highly dynamic coordination chemistry,36,37 
and their native surface can be exchanged with various cat-
ionic and anionic ligands.38,39,40,41 

NaBiE2 nanocrystals (E = S or Se) adopt a ternary rock salt 
structure in which mixed Na+/Bi3+ cation sites are stuffed 
into the octahedral holes of an fcc arrangement of chalco-
genide (E2-) ions. NaBiS2 can be thought of as isostructural 
to PbS, with mixed Na+/Bi3+ sites replacing Pb2+. Such rock 
salt nanocrystals are known to exhibit cationic (111) and 
mixed cation-anion (100) surface planes.42,43,44 Previously, 
we reported similarities in the surface chemistry between 
binary and ternary rock salt compounds.9 Calculations per-
formed on related AgBiS2 nanocrystals suggest these may 
prefer having a Ag-rich surface.45 

In this work, we study the fundamental surface chemistry 
of these ternary rock salt colloidal NaBiS2 nanocrystals. We 
show that the surface of the as-made nanocrystals is termi-
nated with oleylamine and neodecanoate ligands. We de-
velop a facile liquid-liquid biphasic ligand exchange method 
to produce NaBiS2 nanocrystals soluble in polar solvents by 
capping them with lipoic acid and alkali metal halides. 
Lastly, we successfully fabricate conducting NaBiS2 films via 
a solid-liquid ligand exchange using a layer-by-layer (LbL) 
approach, and demonstrate the use of NaBiS2 films as the 
active layer in solar cell devices. Further improvements in 
nanocrystal passivation and charge separation in their films 
will enhance the potential of NaBiS2 nanocrystals for photo-
voltaics, thermoelectric, and other energy conversion de-
vices. 

 

Results and Discussion 

Colloidally stable NaBiS2 nanocrystals. NaBiS2 nanocrys-
tals with an absorption onset of 1.40 eV can be conveniently 
prepared from the solution phase reaction between com-
mercially available metal carboxylates (sodium oleate and 
bismuth neodecanoate) and elemental sulfur in oleylamine 

(Scheme 1 and Figure 1, see Experimental).9 By varying the 
reaction (growth) temperature, this approach produces 
highly spherical and monodisperse nanocrystals with sizes 
tunable between 2.6–21 nm (see Supporting Information or 
S.I.). We note that this synthesis exhibits a critical ripening 
temperature of 230 °C, at and above which colloidal stability 
decreases. Below this temperature, nanocrystal sizes vary 
between 2.6–6.7 nm, with small standard deviations of < 0.6 

nm, based on the Scherrer equation. In contrast, tempera-
tures between 230–250 °C cause significant ripening, with 
sizes varying between 6.7–21 nm and standard deviations 
increasing to 2 nm. 

 

Scheme 1. 

 

 

 

 

Figure 1. (a) Experimental vs. standard powder XRD, and 
(b) solution-phase absorption spectrum of 2.9±0.6 nm Na-
BiS2 nanocrystals prepared at 100 °C for 2 h. (c) Depend-
ence of NaBiS2 nanocrystal size on reaction (growth) tem-
perature held for 2 h. 

 

Coordination chemistry: What is on the surface? Several 
ligands (X-, L-, Z-type) are known to coordinate to the sur-
face of II-VI binary semiconductor nanocrystals. According 
to Owen's adaptation of Green's ligand classification (Figure 
2),46,47 X-type ligands are negatively charged two-electron 
donors (i.e., anionic Lewis bases), L-type ligands are neutral 
two-electron donors (i.e., neutral Lewis bases), and Z-type 

Na(oleate)  +  Bi(neodecanoate)3  +  2 S                      NaBiS2
OleylNH2

T, t

T = 100–180 °C
t = 30 min – 2 h (unbalanced)



 

ligands are electronically unsaturated two-electron accep-
tors (i.e., Lewis acids). Because of the increasing complexity 
of ternary systems, one could expect that a mixture of L-, Z-
, and X-type ligands will bind to the surface of NaBiS2 nano-
crystals. Among these, there are X- (carboxylates) and Z-
type (Na- and Bi-based Lewis acids) ligands that originate 
from either or both of the metal carboxylate precursors 
used during synthesis. Also, L-type ligands (thioamides and 
related compounds), which are produced from the reaction 
between elemental sulfur and oleylamine may be present 
(Figure 2).48 

 

 

Figure 2. Classification of various types of ligands on the 
surface of NaBiS2 nanocrystals based on the Green-Owen 
nomenclature.46,47 Note: Based on IR data, carboxylate (X-
type) ligands bind in a chelating (bidentate or 2) fashion 
(see below).49 

 

To test the presence of different ligands on the nanocrys-
tal surface, we resorted to infrared (IR) and 1H NMR spec-
troscopy. The IR of as made NaBiS2 nanocrystals shows 
characteristic carboxylate vibrational modes (Figure 3a). 
The absence of a broad band between 2500–3300 cm-1—
(COO-H) as well as the small difference () between the 
asymmetric and symmetric stretching frequencies located 
between 1500–1600 cm-1—as(COO-) – s(COO-), under < 
200 cm-1—confirm that surface carboxylates are deproto-
nated. The exact value of  is strongly indicative of the type 
of carboxylate binding (see Figure 4, and Supporting Infor-
mation or SI).49,50,51 Large  values such as those observed 
for the free protonated carboxylic acids (≈ 250–300 cm-1) 
are consistent with monodentate or 1-binding—i.e., coor-
dination through a single oxygen; whereas small  values 
such as those observed for sodium oleate (120 cm-1), bis-
muth neodecanoate (68 cm-1), and the carboxylates on the 
NaBiS2 nanocrystal surface (93 cm-1) are consistent with bi-
dentate or 2-binding—coordination through both ox-
ygens.50 

IR also shows vibrational modes characteristic of amines 
(Figure 3b). Specifically, a (NH2) stretch at ~3300 cm-1, and 
a (N-H) bending shoulder at ~1600 cm-1, as well as another 
(C-N) stretch at ~1100 cm-1 are consistent with surface 
oleylamine. In contrast to what is observed for free oleyla-
mine, the asymmetric and symmetric stretches (as(NH2) 
and s(NH2), respectively) on the nanocrystal surface ap-
pear as a single band. The presence of a single s(NH2) 

stretch and the absence of a second as(NH2) stretch peaks 
usually indicates that oleylamine is hydrogen bonded to 
nearby anions, such as perhaps S2- or COO- on the nanocrys-
tal surface.52 Thus, IR strongly suggests that the surface of 
as made NaBiS2 nanocrystals is coordinated by a mixture of 
chelating carboxylates (see below) as well as oleylamine lig-
ands. 

 

 

Figure 3. Infrared (IR) spectra of as made NaBiS2 nanocrys-
tals and relevant carboxylates (a) and amines (b). The dif-
ferences () between asymmetric and symmetric stretches 
(as(COO-) – s(COO-) in (a) are: NaBiS2 nanocrystals (93 cm-

1, sodium oleate (120 cm-1), bismuth neodecanoate (68 cm-

1), and oleic acid (254 cm-1). 

 

 

Figure 4. Chelating (bidentate or 2-binding) vs. monoden-
tate (1-binding) coordination (M = free or surface-bound 
Lewis acid). 

 

The 1H NMR of washed NaBiS2 nanocrystals shows the 
typical broadening of surface-bound ligand resonances, 



 

particularly for - and -methylene (-CH2-) protons that are 
in very close proximity to the amine and carboxylate head-
groups (see SI).48,53 Critically, while NaBiS2 nanocrystals 
consistently display a strong 1H resonance for -methylene 
protons bound to oleylamine (~2.6 ppm), they seem to lack 
any detectable peak for -methylene protons bound to ole-
ate (~2.4 ppm). Because NaBiS2 nanocrystals show a very 
strong set of signals corresponding to chelating carbox-
ylates by IR, and because they also show a very intense ter-
minal methyl 1H resonance by NMR—more so than would 
be expected from the olefinic and -methylene integrations 
for oleylamine alone—we conclude that the surface of the 
NaBiS2 nanocrystals also contains, in addition to oleyla-
mine, neodecanoate ligands (but NOT oleate). Unlike oleate, 
which is a linear carboxylate, the neodecanoates used here 
are branched carboxylates that do not contain -methylene 
protons (see SI). Based on its integration relative to that of 
the olefinic (-CH=CH-) and -methylene (-CH2NH2) reso-
nances from oleylamine, we find that about ~80% of the ter-
minal aliphatic methyl resonance (-CH3) originates from 
oleylamine, while ~20% comes from neodecanoates. How-
ever, because neodecanoate is introduced as mixture of 
multiple isomers, each with a different number of methyl 
groups per headgroup, we are unable to exactly determine 
the molar ratio of amine to carboxylate ligands at this time 
(see SI and Experimental). 

Interestingly, the last observation above has significant 
mechanistic implications: During synthetic development of 
colloidal multinary semiconductors,9,54,55,56,57 we and others 
have observed that the evolution of these complex phases is 
a stepwise, sequential process, where metallic and/or bi-
nary seeds often precede and, sometimes compete with, the 
formation of higher order multinary nanocrystals. In the 
particular case of NaBiS2, we have reported that unary Bi0—
and then binary Bi2S3—seeds precede ternary evolution.9 
The fact that neodecanoate, originally bound to the bismuth 
precursor, is retained throughout this process, and found in 
the final nanocrystals, is consistent with this idea (Scheme 
1). In contrast, oleate, originally bound to sodium, is lost and 
absent in the final nanocrystals, indicating that the sodium 
precursor may persist in solution for longer, until it is finally 
incorporated into the unary and/or binary seeds, in order 
to yield the final ternary phase. 

Further confirmation that these ligands are bound to the 
surface comes from Diffusion Ordered NMR Spectroscopy 
(DOSY) (Figure 5).49,53 DOSY is a pulsed field gradient NMR 
technique that is useful in spectroscopically resolving dif-
ferent compounds based on their size. In a DOSY experi-
ment, multiple spin echo spectra are measured for varying 
pulsed field gradient strength, duration, or delays in the 
pulse sequence. Plots of the echo intensity as a function of 
the pulse field gradient strength or duration, then allow the 
self-diffusion coefficient (D) to be determined for individual 
peaks in the NMR spectrum. In practice, this means that that 
free, quickly diffusing molecules such as residual solvents 
(CHCl3, EtOH) can be distinguished from surface-passivat-
ing ligands bound to much larger nanocrystals, based on the 
value of D. The diffusion coefficient of peaks corresponding 
to oleylamine and carboxylates (≈5 x 10-6 cm2 s-1) is signifi-
cantly smaller than the residual purification solvent and re-
sidual protonated solvent peaks (≈1–2 x 10-5 cm2 s-1), 
strongly suggesting these ligands are part of the much 

larger nanocrystal compact. The hydrodynamic size calcu-
lated using the Stokes-Einstein equation (dH = 1.6±0.5 nm) 
compares relatively well to that obtained by the Scherrer 
equation (2.1±1.7 nm).  

 

 

Figure 5. 1D 1H NMR of 4.5±0.5 nm colloidal NaBiS2 nano-
crystals in CDCl3 (a). 2D DOSY NMR of 2.1±1.7 nm colloidal 
NaBiS2 nanocrystals in CDCl3 (b); increasing (faster) diffu-
sion coefficients (D) correspond to smaller, more freely dif-
fusing species in solution. 

 

Liquid-liquid biphasic ligand exchange. Colloidal nano-
crystals undergo various types of ligand exchange reactions 
such as L-promoted Z-type displacement, which results in 
exchange of labile metal carboxylates by strong binding pri-
mary amines, phosphines, and multidentate ligands.58 A 
common benefit of ligand exchange is that new capping lig-
ands can affect and improve the optoelectronic properties 
of nanocrystals.59,60 For example, more strongly passivating 
ligands can enhance the photoluminescence quantum yield 
of CdSe nanocrystals,61 while ligands with different elec-
tron-donating abilities can shift the energies of the valence 
and conduction bands as well as alter the n- and p-type 
character of PbS nanocrystals.62 Surface ligands can also be 
chemically modified to incorporate various functional 
groups before—without displacing the native ligands—or 
after ligand exchange.49 Ternary lead halide perovskite 
nanocrystals exhibit highly dynamic ligands, and yet their 



 

exact nature can impact their optical and structural proper-
ties as well as colloidal stability.37,40,63 

The synthesis of highly luminescent binary quantum dots 
was initially developed using hydrophobic capping ligands 
(TOP/TOPO, oleylamine, oleate).64 Light-promoted biphasic 
liquid-liquid conditions are now the method of choice to 
quickly exchange these non-polar native ligands with soft 
bidentate thiols.65 In general, regardless of whether photo-
chemical or thermal conditions are used, the use of carbox-
ylate- or ammonium terminated thiols causes the binary 
colloidal nanocrystals to transfer from a nonpolar layer 
(hexane, chloroform, or toluene) into a more polar one (e.g., 
methanol or water). In addition, CdSe nanocrystals can be 
capped with carboxylate-terminated tridentate thiolate lig-
ands, enabling the production more robust aqueous photo-
catalysts for H2 generation.66,67, 68 

 

Scheme 2. Ligand exchange in NaBiS2 nanocrystals (X and 
X' ligands have a similar negative charge). 

 

 

 

Figure 6. (a) Powder XRD, (b) solution-phase absorption 
spectra, and (c) IR spectra of NaBiS2 nanocrystals before 
and after photochemical ligand exchange with lipoic acid. 
(d) Upon exchange, the nanocrystals transfer from the hex-
anes phase to methanol. 

 

Based on these ideas, we explored a ligand exchange ap-
proach to modify the surface of colloidal NaBiS2 nanocrys-
tals (Scheme 2). Our work shows that the native oleylamine 
and neodecanoate ligands can be exchanged with lipoic acid 
using light-promoted biphasic ligand exchange (Figure 6 
and SI). The structural and optical properties of the NaBiS2 

nanocrystals are unaffected by this procedure. After bipha-
sic ligand exchange, NaBiS2 nanocrystals lack the IR bands 
that are characteristic of surface-bound amine and carbox-
ylate ligands (see above). Instead, new carboxylate stretch-
ing bands, as(COO-) and s(COO-), separated by 228 cm-1 in-
dicate the presence of free (1) protonated carboxylic acid 
pendant groups from thiolate-bound lipoic acid ligands (see 
above).50,49 This is consistent with the observation that, 
upon treatment with aqueous 0.1 M t-BuOK, the solubility 
of these nanocrystals in polar protic solvents (MeOH, H2O) 
dramatically increases, likely due to deprotonation and for-
mation of multiple free pendant carboxylate groups per par-
ticle. The IR spectrum also shows a (C-S) stretching band 
at ~600 cm-1 that is consistent with the presence of thiolate, 
a stronger X-type ligand, directly bonded to the nanocrystal 
surface. More may be learned by considering the implica-
tions of hard soft acid base (HSAB) theory in this system.69 
While sodium cations (Na+) are hard acids, bismuth cations 
(Bi3+) are intermediate or borderline soft/hard acids. Be-
cause thiolate anions (RS-) are soft bases, the observed pref-
erence of lipoic acid to bind through sulfur suggests that the 
NaBiS2 nanocrystal surface may be richer in Bi- than in Na-
based cations, at least at the range of sizes analyzed here. 

 

 
Figure 7. (a) Powder XRD, (b) solution-phase absorption 
spectra, and (c) IR spectra of NaBiS2 nanocrystals before 
and after treatment with 0.1 M NaI and 0.04 NH4Ac in DMF. 
(d) Upon exchange, the nanocrystals transfer from the 
lighter hexane (top layer) into the heavier DMF (bottom 
layer). In (a), very subtle changes in XRD peak intensities 
may be due to preferred orientation of the nanocrystal 
grains upon sample preparation. 

 

For NaBiS2 nanocrystals to be most immediately useful in 
optoelectronic devices, one must first replace long-chain in-
sulating ligands with smaller and/or conductive inorganic 
ligands.16,19,20,33,42,64,70 To do this, one commonly employed 
method with binary nanocrystals is a liquid-liquid biphasic 
ligand exchange where nanocrystals capped with long-



 

chain native ligands suspended in hexane are treated with 
short inorganic capping ligands dissolved in a polar solvent. 
Upon shaking, the nanocrystals phase transfer from the hex-
anes layer into the immiscible polar layer. We find that mix-
ing as-made, colloidal NaBiS2 nanocrystals in hexanes with 
0.1 M NaI in dimethylformamide (DMF) leads to phase 
transfer after 5–10 min (Figure 7). A recent report showed 
that addition of NH4Ac to metal halide solutions in DMF as-
sists in faster and more complete ligand exchange.71 Indeed, 
here we find that when 0.04 M NH4Ac is added to 0.1 M NaI 
in DMF, phase transfer occurs almost instantaneously, 
within only 3 s. Importantly, NaBiS2 nanocrystals are resili-
ent to this biphasic ligand exchange, with no measurable 
change in their XRD size or optical properties after the pro-
cess is complete (Figure 7 and SI). We considered the possi-
bility that NaI, a rock salt material, could form during this 
process.72,73,74,75 However, XRD failed to detect the formation 
of such impurity. Further, the IR and 1H NMR spectra of Na-
BiS2 nanocrystals treated with NaI and NaI/NH4Ac is con-
sistent with the complete removal of oleylamine and car-
boxylate ligands after this treatment. 

To confirm these results, we collected dynamic light scat-
tering (DLS) measurements of the as-made, lipoic acid-
capped, and NaI/NH4Ac-capped NaBiS2 nanocrystals (see 
SI). Typically, the use of EtOH or MeOH as the crashing sol-
vent results in significant aggregation of the nanocrystals 
well beyond their Scherrer size of 2.5±0.3 nm. Using lipoic 
acid as the exchange ligand, the nanocrystals did not aggre-
gate any further. In contrast, using NaI/NH4Ac did result in 
aggregation with a new distribution closer to ≈390 nm. This 
suggest that the exchange with NaI/NH4Ac in DMF is a much 
harsher ligand exchange protocol that results in exposing 
highly energetic facets that neck and further aggregate. 

Solid-liquid biphasic exchange: Iodide-capped NaBiS2 
nanocrystals. A more specific method to produce conducting 
nanocrystal films is multistep layer-by-layer (LbL) ap-
proach.42,76 Each one of these steps or cycles involves spin-
coating a thin nanocrystal film with native organic ligands 
onto a substrate, soaking this film in a ligand exchange so-
lution, rinsing, and drying (Scheme 3). The thickness of the 
active layer is controlled by varying the number LbL cycles. 
This method allows native ligands to be exchanged without 
redispersing or losing nanocrystals into solution. The effec-
tiveness of exchange normally depends on the chelating 
strength of the native ligands and the initial thickness of 
each nanocrystal film. Thicker films can limit the efficiency 
of ligand exchange. Several record power conversion effi-
ciency quantum dot devices were fabricated by this method 
including CsPbI3-77 and PbS-based78 solar cells. 

 

 

Scheme 3. Illustration of solid-liquid ligand exchange per-
formed by the layer-by-layer (LbL) method. 

 

We find that our ligand exchange solutions are also suffi-
cient to fabricate conducting NaBiS2 films by the LbL ap-
proach. One LbL cycle involves spin-coating a film of 5.2  
0.5 nm NaBiS2 nanocrystals and then soaking this film in a 
ligand exchange solution (Scheme 3). For every two LbL cy-
cles, the film thickness increases by 15  2.0 nm (Figure 8). 
Soaking NaBiS2 films in 0.1 M NaI and 0.04 M NH4Ac in DMF 
leads to a substantial decrease in the intensity of vibrational 
modes corresponding to native carboxylate and amine lig-
ands as shown by IR (see SI). 

 

 

Figure 8. Film thickness of NaBiS2 films as a function of 
layer-by-layer (LbL) NaI/NH4Ac-treating cycles. Standard 
deviation was determined by 3 measurements using a prof-
lorimeter. 

 

X-ray photoelectron spectroscopy (XPS) of the NaBiS2 
films shows the disappearance of the nitrogen (N) signal 
from oleylamine ligands and the appearance of iodine (I) 
upon ligand exchange (Figure 9). Both the Na and Bi peaks 
shift to higher binding energies after ligand exchange, 
which is consistent with removal of electron density from 
the metal as a result of stronger passivation with iodide.1, 79, 

80 Interestingly, halide treatment also successfully sup-
presses the presence of surface oxidized sulfur (S). Further, 
XPS data shows the relative energies of the conduction and 
valence bands relative to the Fermi-level (Figure 10). Native 
NaBiS2 nanocrystals are p-type semiconductors with an ex-
cess of holes. After NaI/NH4Ac treatment, iodide-capped 
NaBiS2 nanocrystal films acquire a more extrinsic behavior. 

 



 

 

Figure 9. XPS data of NaBiS2 films before (blue) and after 
(red) ligand exchange with 0.1 M NaI and 0.04 M NH4Ac in 
DMF. (a) Na 1s region, (b) Bi 4f and S 2p regions, (c) N 1s 
region, and (d) I 3d region. 

 

Making conductive NaBiS2 nanocrystal films. To demon-
strate the versatility of NaBiS2 nanocrystal films for optoe-
lectronic device applications,1,4,6,8 we tested the effect of 
several different salt/halide treatments on film resistivity. 
Measurements were performed by the van der Pauw 
method using a square geometry with the electrodes spaced 
apart 25 cm or 12.5 cm (Figure 11). Conductivity values (S 
cm-1) were calculated based on film thickness and sheet re-
sistance (RS). Initially, as-deposited (untreated) NaBiS2 
nanocrystal films capped by long-chain native ligands were 
found—as expected—to be completely insulating. More 
specifically, the sheet resistance of untreated samples and 
those treated with only 2 LbL cycles was beyond the detec-
tion limit of our potentiostat (Table 1). However, with in-
creasing film thickness—i.e., with increasing number of LbL 
cycles—we were able to detect and measure the conductiv-
ity of the treated NaBiS2 nanocrystal films. In particular, 
films treated with six (6) NaI/NH4Ac LbL cycles gave the 
best conductivity measurements. After eight (8) LbL cycles, 
the conductivity decreased again, indicating that the opti-
mal number of LbL treatment cycles had been reached. 

 

 

Figure 10. Relative valence band (red) and conduction 
band (blue) positions in respect to Fermi-level (black) of 
untreated and NaI/NH4Ac-treated NaBiS2 nanocrystals. 

 

 

Figure 11. Van der Pauw set up used to measure the con-
ductivity of NaBiS2 nanocrystal films treated with different 
salt solutions.81 

 

Various halide salts were used to replace the native lig-
ands on the surface of NaBiS2 nanocrystals by biphasic 
solid-liquid exchange (Table 2). In comparison to our best 
NaI/NH4Ac-based treatment, others treatments such as that 
based on NaCl/NH4Ac resulted in films that peeled and de-
graded in the ligand exchange solution. Only a 12.5 cm  
12.5 cm film could be recovered and measured. In the end, 
the conductivity of the best iodide-capped NaBiS2 nanocrys-
tal films presented here is in the same order of magnitude 
and comparable to that observed for plasma-treated 
isostructural, rock salt PbS nanocrystal films (Table 2) (for 
comparison, the single crystal conductivity of PbS ranges 
between 0.11 to 1800 S cm-1).82  Further improvements in 
conductivity could be achieved by additional nanostructur-
ing or doping strategies, or by using mixed metal chalcogen-
ides. 

 

Table 1. Electronic properties of films made with 
NaI/NH4Ac-treated NaBiS2 nanocrystals. 

Number of 
LbL Cyclesa 

Thickness 

(nm)b 

Rs  109 

( /)c 

Conductivity 

 10-4 (S cm-1) 

Untreated 0 -d - 

2 81±26 -d - 

4 90±16 136 0.0122±0.0024 

6 110±10 8.63 1.48±0.22 

8 135±26 8.99 0.121±0.024 

aNaBiS2 (5.2±0.5 nm) in toluene (30 mg/mL) used as ink. 
bFrom profilometry. cVan der Pauw method. dSheet re-
sistance larger than potentiostat detection limit. Stand-
ard deviations from 3 separate measurements.  

 

Finally, we fabricated solar cells based from PbX2-treated 
NaBiS2 nanocrystals (X = Br, I) using the device architecture 
shown in Figure 12. Focused ion beam scanning electron 
microscopy (FIB-SEM) shows the high quality of the multi-
layer structure, as well as Pb-incorporation into the active 
layer (see SI). Under AM 1.5G illumination, our best solar 
cell device—made with 4 LbL cycles—exhibited a power 



 

conversion efficiency (PCE) of 0.07 % and no hysteresis, 
with a JSC of 0.18± 0.01 mA/cm2, VOC of 638±7 mV, and FF of 
56±3. Statistical analysis of this multilayer structure over 9 
pixels gave a 624±30 mV, a JSC of 0.17±0.01 mA/cm2, a FF of 
53±5, and a PCE of 0.06±0.01 %. Our VOC and FF values are 
comparable to those of state-of-the-art PbS quantum dot so-
lar cells,83 which exhibit a VOC of 611 mV and a FF of 68 %.71 
Because PCE = Jsc  Voc  FF, our much lower JSC value—com-
pared to that of 27.23 mA/cm2 observed for PbS—is respon-
sible for the low PCE we observed. At present, we strongly 
suspect this may be caused by the NaBiS2 nanocrystal films 
behaving mainly as an indirect band gap semiconductor, 
which may limit the efficiency of charge generation and col-
lection.9 Nonetheless, we believe these results are very en-
couraging. Future work will pursue further improve-
ments—through doping, nanostructuring, surface pas-
sivation, and/or additional ligand optimization—in order to 
engender direct band gap character and increase the effi-
ciency of NaBiS2 nanocrystal-based devices. 

 

 

Figure 12. Representative J–V curve of PbX2-treated (X=Br, 
I) (4 LbL) NaBiS2 nanocrystal solar cells (see Experimental). 
The device parameters were measured under AM 1.5G illu-
mination. Average device parameters were determined 
over 9 pixels with VOC of 624±30 mV, a JSC of 0.17±0.01 
mA/cm2, a FF of 53±5, and a PCE of 0.06±0.01 %. 

 

 

Table 2. Properties of NaBiS2 nanocrystal films treated for 6 LbL cycles with different halide salts. 

Salta Thickness 
(nm)b 

2525 cm 

Rs (  / )c 
12.512.5 cm 

Rs (  / )c 
Conductivity 2525 cm (S cm-1) Conductivity 12.512.5 cm (S cm-

1) 

NaI 110±10 1.66  1013 8.63  109 (1.83±0.16)  10-8 (9.49±0.55)  10-4 

NaCl 171±10 -d,e 1.93  1011 - (3.31±0.18)  10-6 

KBr 175±26 8.66  1010 8.66  109 (1.52±0.22)  10-6 (1.48±0.22)  10-5 
NaBr 116±10 9.56  1010 9.31  109 (1.11±0.09)  10-6 (1.08±0.09)  10-5 

TMAIe 114±10 2.44  1011 9.42  109 (2.79±0.24)  10-6 (1.08±0.24)  10-5 

KI 141±12 9.35  1010 9.59  109 (1.32±0.11)  10-6 (1.36±0.11)  10-5 

a6 LbL cycles of 30 mg/mL NaBiS2 (5.20.5 nm) in toluene used as ink. bFrom profilometry. cMeasured by the Van der Pauw 
method. dSheet resistance larger than potentiostat detection limit. eFilm peeled off; not measured. eLigand exchange solution 
made in MeOH. Standard deviations from 3 separate measurements. 

Conclusions 

We have demonstrated that colloidal NaBiS2 nanocrystals 
can be easily made from Earth abundant, cheap, and rela-
tively non-toxic precursors. The size of the nanocrystals is 
easily manipulated by controlling the growth temperature 
during synthesis, resulting in a small standard deviation in 
crystallite size. We have probed the surface chemistry of 
these complex ternary NaBiS2 nanocrystals using IR and 1H 
NMR. As-made colloidal NaBiS2 nanocrystals have L-type 
(oleylamine) and X-type (2-bound neodecanoate) ligands 
attached to cationic sites on their surface. Removal of the 
native X- and L-type ligands with lipoic acid or halide lig-
ands can be achieved through a liquid-liquid biphasic ligand 
exchange. The resulting nanocrystals become soluble in po-
lar solvents, like methanol or water, yet retain their struc-
ture, optical properties, and colloidal stability. 

To capitalize on this newly acquired knowledge, we ex-
plored a layer-by-layer (LbL) solid-liquid approach to ex-
change the native ligands starting from NaBiS2 nanocrystal 
films. As the number of LbL cycles increases, the size of the 
thin film increases—by 152.0 nm for every two cycles—
reaching an optimum minimum resistivity after 6 LbL cy-
cles. In addition to the disappearance of the native ligands 
as observed by IR, XPS also shows the disappearance of ni-
trogen (N, from oleylamine), appearance of iodine (I), and a 
shift in Na and Bi binding energy to higher eV. Further, while 
as-made NaBiS2 nanocrystal films have p-type semiconduc-
tor character, the iodide-exchanged films have more intrin-
sic behavior. To further elucidate the capabilities of these 
thin films, various halide ligand salts—iodide, bromide, 
chloride—were used as the capping ligand. The best con-



 

ductivity measured was for iodide-capped NaBiS2 nanocrys-
tal films, and is comparable in magnitude to that previously 
observed for isostructural PbS quantum dots. 

Finally, we prepared the first photovoltaic devices made 
of NaBiS2 nanocrystals treated with PbX2 (X = Br, I) as the 
exchange ligands. FIB-SEM showed the incorporation of Pb 
into the active layer of the multilayer structure. Our best de-
vice used 4 LbL cycles, yielding a JSC of 0.18± 0.01 mA/cm2, 
a VOC of 638±7 mV, a FF 56±3, and a modest PCE of 0.07 %. 
Efforts are under way to further enhance the PCE of similar 
devices by nanostructuring and further ligand ex-
change/coverage optimization, thus allowing for better 
charge separation and a higher Jsc value. Together, these re-
sults demonstrate the potential role and utility of non-toxic, 
Earth abundant, and air stable NaBiS2 nanocrystals to play 
a new role in photovoltaic and other energy conversion ap-
plications. 

 

Experimental 

Materials. Oleylamine (oleylNH2, technical grade, 70%) 
and bismuth(III) neodecanoate, ammonium acetate (NH4Ac, 
> 97%), N,N-dimethylformamide (>99%) , tetrame-
thylammonium iodide (TMAI, 99%), lipoic acid (LA, 98%), 
lead iodide (PbI2, 99%), 4-tert-butylpyridine (TBP, 96%), 
chlorobenzene (anhydrous, 98.8%), titanium diisopropox-
ide bis(acetylacetonate) (75 wt% in isopropanol), tita-
nium(IV) ethoxide (technical grade), isopropyl alcohol (IPA, 
≥99.5%), acetone (≥99.5%), potassium tert-butoxide (t-
BuOK, >98%), lithium bistrifluoromethanesulfonimidate 
(99%), and acetonitrile (anhydrous, 98%) were purchased 
from Sigma-Aldrich; sodium oleate (99%) from Strem; sul-
fur (99.999%), sodium iodide (NaI, 99.9%), and potassium 
iodide (KI, 99%) from Alfa Aesar; toluene (99.9%), hexanes 
(99.9%), methanol (99.9%), sodium bromide (NaBr, 
99.5%), potassium bromide (KBr, 99.9%), hydrochloric 
acid (HCl, 36.9%),  and sodium chloride (NaCl, 99.8%) from 
Fisher; lead bromide (PbBr2, 98%) and molybdenum oxide 
(MoO3, 99%) from Acros Organics; 2,2’,7,7’-tetrakis(N, N-di-
p-methoxyphenylamino)-9,9’-spiroobifluorene (spiro-
OMeTAD, 99%) from Lumtec; titanium dioxide paste (TiO2) 

from Dyesol; carbon paint from Ted Pella; and silver (Ag, 
99.999%) from Kurt J. Lesker. All chemicals were used as 
received. 

Synthesis. Bismuth(III) neodecanoate stock solution. Bis-
muth(III) neodecanoate (0.7 mL) was added to oleylamine 
(9.3 mL) and the solution was stirred at room temperature 
until it became homogeneous (~10–20 min). NaBiS2 synthe-
sis. Sodium oleate (0.11 mmol, 35 mg), bismuth(III) neodec-
anoate stock solution (0.11 mmol Bi, 1 mL), S (0.22 mmol, 
7.3 mg), and degassed oleylamine (4 mL) were stirred at 60 
°C for 30 min, heated between 100–250 °C for 2 h (see dis-
cussion above and SI), and cooled to RT by removal from the 
heating mantle. Purification. The crude solution was diluted 
to 15 mL with methanol or ethanol, centrifuged at 4500 rpm 
for 3 min, and the supernatant discarded. The precipitate 
was then suspended in toluene or hexanes.  

Biphasic Ligand Exchange. Stock solution of 0.1 M NaI + 
0.04 M NH4Ac in DMF. NaI (1 mmol, 149.9 mg) and NH4Ac 
(0.4 mmol, 30.8 mg) were added to DMF (10 mL) and then 
sonicated until dissolved. Stock solution of 0.1 M NaI. NaI (1 

mmol, 149.9 mg) was added to DMF (10 mL) and then soni-
cated until dissolved. Biphasic ligand exchange. Equal parts 
NaBiS2 in hexanes and the desired ligand exchange solution 
were added to a centrifuge tube that was vortexed until 
complete phase transfer of NaBiS2 from the hexanes layer 
(top) to the DMF layer (bottom). The hexanes layer was de-
canted and then the DMF layer was washed two more times 
with hexanes. The DMF layer was centrifuged at 4500 rpm 
for 5 min to precipitate NaBiS2 nanocrystals. The pellet was 
resuspended in DMF for further measurements. Lipoic acid 
exchange. Lipoic acid (0.3 mmol, 60 mg) was added to 
TMAH stock solution (1 mL)65 in a 3 mL cylindrical glass 
flask with a Teflon stir bar. Washed (1 with ethanol) Na-
BiS2 nanocrystals (10 mg/mL, 1 mL) in hexanes were added 
to the flask, followed by UV-radiation for 30 min while stir-
ring at 450 rpm. The solution was transferred to a centri-
fuge tube and centrifuged for 5 min at 4500 rpm. The super-
natant was decanted and 3 mL of hexanes and MeOH was 
added, the mixture then centrifuged for 5 min at 4500 rpm. 
The solvent was decanted and dried for 20 min under dy-
namic vacuum. The crystals were dissolved using 5 mL of 
0.1 M t-BuOK in deionized water. Solid-liquid biphasic ligand 
exchange. Stock solution of 0.1 M NaI + 0.04 M NH4Ac. NaI (1 
mmol, 0.1499 g) and NH4Ac (0.4 mmol, 0.0308 g) were 
added to DMF (10 mL) and then sonicated until dissolved. 
Glass microscope slides were cleaned by ultrasonication in 
1% Alconox soap water and isopropanol for 15 min each 
and dried with nitrogen. The slides were then cleaned under 
O2 plasma for 10 min. Glass microscope slides were kept in 
the glovebox until further use. A film of NaBiS2 was depos-
ited using six cycles of the layer-by-layer (LbL) process us-
ing a 30 mg/mL solution of 5.2  0.5 nm NaBiS2 nanocrystals 
in toluene filtered through a 0.1 m polytetrafluoroethylene 
(PTFE) filter. One LbL cycle involved completely covering 
the glass substrate with NaBiS2 solution, spinning the sub-
strate at 2000 rpm for 30 s, and submerging the NaBiS2-cov-
ered substrate in the ligand exchange solution for 1 min. 
The substrates were rinsed in neat DMF followed by toluene 
and then blown dry with N2. Thicker or thinner films were 
made by performing more or fewer LbL cycles. The treated 
substrates were then annealed in air at 100 C for 5 min. 
NaCl, KBr, NaBr, and KI can be substituted for NaI with 1 
mmol and 0.04 M NH4Ac in 10 mL of DMF. TMAI/NH4Ac was 
dissolved in methanol instead of DMF. 

Structural and Compositional Characterization. Pow-
der X-ray diffraction patterns were measured using Cu Kα 
radiation on a Rigaku Ultima IV (40 kV, 44 mA) diffractom-
eter using a background-less quartz sample holder. Scher-
rer analysis was performed with Jade using a κ value of 0.9. 
Transmission Electron Microscopy imaging was performed 
on a FEI Tecnai G2-F20 scanning transmission electron mi-
croscope. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a Kratos Amicus/ESCA 3400 
instrument. The sample was irradiated with 240 W unmon-
ochromated Mg Kα x-rays, and photoelectrons emitted at 
0° from the surface normal were energy analyzed using a 
DuPont type analyzer. The pass energy was set at 150 eV 
and a Shirley baseline was removed from all reported spec-
tra. CasaXPS was used to process raw data files. Focused Ion 
Beam Scanning Electron Microscopy (FIB-SEM) measure-
ments were performed on a FEI Helios DualBeam FIB/SEM 



 

system was used that combines sputtering, imaging, and an-
alytical capabilities. A beam of gallium ions was used for nm 
precision milling and imaging down to 5 nm resolution lev-
els. The system also enables Energy-dispersive X-ray spec-
troscopy (EDS). 

Spectroscopic Characterization. Solution absorbance 
spectra were measured with a photodiode array Agilent 
8453 UV-Vis spectrophotometer with solvent absorption 
(toluene or DMF) subtracted from all spectra. Band gap val-
ues were estimated by extrapolating the linear slope of Tauc 
plots by plotting (Ah)1/r vs. h where A = absorbance, h = 
incident photon energy in eV, r = ½ for direct and r = 2 for 
indirect semiconductors. Dynamic light scattering (DLS) 
were measured with a Malvern Zetasizer Nano ZS equipped 
with a 532 nm laser. Square glass cells with a 12mm (outer 
diameter) were used for all measurements. Infrared (IR) 
spectroscopy measurements were performed on a Bruker 
Tensor 37 Fourier transform IR spectrophotometer (16 
scans, transmittance mode, 4 cm-1 resolution). 1H nuclear 
magnetic resonance (NMR) spectroscopy measurements 
were performed on a Bruker Avance III 600 MHz NMR spec-
trometer (32 scans). Deuterated chloroform was used for 
as-synthesized NaBiS2 nanocrystals while deuterated DMF 
was used for NaBiS2 treated with NaI or NaI/NH4Ac. 

Conductivity Measurements. Film conductivity was 
measured using the Van der Pauw method81 with thin Na-
BiS2 nanocrystal films of known thickness in a square geom-
etry with corner contacts (see Figure 11 above). The cor-
ners were contacted with carbon paint and probed using 
micromanipulated probes on a home-build probe station. A 
Keithley 2400 in four-wire source-sense mode was used to 
simultaneously source current and measure voltages. Sheet 
resistances were determined by numerical integration. Re-
ported values are the average of several measurements 
ranging over several orders of magnitude of source current. 

Solar Cell Fabrication and Testing. Glass substrate 
cleaning and preparation. FTO Hartford Glass, Tec 7, 25 mm 
 25 mm  2.2 mm, 6-8 ohm/sq) glass substrates were 
cleaned by sonicating in DeconTM ContrexTM AP Labware De-
tergent solution in DI water (1%) for 20 min under mild 
heat (~50 ˚C). The substrates were thoroughly rinsed in DI 
water and sonicated for another 20 min in DI water under 
mild heat. The substrates were rinsed once more with DI 
water, sonicated in acetone for 20 min, and isopropyl alco-
hol for 20 min. The FTO substrates were rinsed once more 
DI water, blown dry with N2, and treated with O2 plasma for 
20 min. The unused substrates were stored in a dry N2-filled 
glovebox until further use. Solution deposition of TiO2. TiO2 
was deposited using 0.210 mL of HCl, 30.4 mL of ethanol, 
2.21 mL of titanium(IV) ethoxide. The solution was vigor-
ously stirred and sonicated for 30 min. The solution was fil-
tered through a 0.45 μm PTFE filter, and deposited on to 
freshly cleaned FTO and placed in a spincoater. The spin-
coater lid was closed, and the sample was spun at 2000 rpm 
for 35 s. FTO contact points were made by wiping the spin-
coated film with an ethanol-coated swab. The FTO sub-
strates were annealed at ~500 ˚C on a hot plate for 30 min. 
The substrates were allowed to cool naturally and stored in 
a dry N2-filled glove box until further use. Solution deposi-
tion of mesoporous TiO2 (m-TiO2). TiO2 paste (4.5 g) was dis-
solved in ethanol (20 mL), and sonicated for 45 min until 

completely dissolved. m-TiO2 solution (200 μL) was depos-
ited onto c-TiO2 coated substrate and spin coated at 3000 
rpm for 30 s. After spin coating, the glass substrates were 
annealed at ~450 ˚C for 30 min, cooled to RT, and stored in 
a dry N2-filled glovebox until further use. NaBiS2 active 
layer. As described previously (see above), a solution of Na-
BiS2 nanocrystals (30 mg/mL) was prepared by washing the 
crude material with ethanol, centrifuging for 5 min at 4500 
rpm, and drying for 20 min under dynamic vacuum. The 
nanocrystals were resuspended in toluene and filtered 
through a 0.1 μm PTFE filter. NaBiS2 nanocrystals (30 
mg/mL, 100 μL) were deposited on FTO substrates and 
spun at 2000 rpm for 30 s. The freshly deposited substrate 
was dipped in a ligand exchange solution containing in 
PbBr2 (0.1 M, 1.83 g), PbI2 (0.04 M, 0.992 g), and NH4Ac (0.04 
M, 154 mg) in DMF (50 mL) for 20-25 s. After repeating for 
the number of desired LbL cycles, the substrates were 
rinsed in neat DMF for 20-25 s, toluene for 20-25 s, and 
blown dried with N2 gas. Spiro-OMeTAD layer. 2,2’,7,7’-
tetrakis(N, N-di-p-methoxyphenylamino)-9,9’-spiroobiflu-
orene (spiro-OMeTAD) (72 mg, 0.06 mmol), 4-tert-bu-
tylpyridine (TBP, 29.8 μL), and a solution of lithium bistri-
fluoromethanesulfonimidate in acetonitrile (520 mg/mL, 
17.5 μL) were dissolved in chlorobenzene (1 mL). The com-
bined spiro-OMeTAD solution was spin coated onto the Na-
BiS2 active layer at 3000 rpm for 30 s. MoO3 and Ag layers. 
MoO3 (15 nm) and Ag (100 nm) were thermally evaporated 
directly onto the spiro-OMeTAD film through a shadow 
mask—9 circular 8 mm2 holes arranged in a 33 square ar-
ray—at a base pressure of 2  10-6 mbar. Power conversion 
efficiency (PCE) of photovoltaic devices was determined us-
ing current−voltage (J−V) characterization under solar sim-
ulation (Newport, M-9119X with an AM1.5G filter). The in-
tensity was adjusted to 100 mW/cm2 using an NREL-
certified Hamamatsu mono-Si photodiode (S1787−04). A 
calibrated Si photodiode with a known spectral response 
spectrum was used as a reference and all measurements 
were taken under N2. 

 

UV-Vis absorption, IR, 1H NMR, and XPS spectra, TEM and SEM 
images of particles and nanocrystal films, profilometry and DLS 
data, and solar cell device images. The Supporting Information 
is available free of charge on the ACS Publications website. 
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